The honeybee, Apis mellifera, is the world's most important pollinator and is ubiquitous in most agricultural ecosystems. Four major evolutionary lineages and at least 24 subspecies are recognized. Commercial populations are mainly derived from subspecies originating in Europe (75-95%). The Africanized honeybee is a New World hybrid of A. m. scutellata from Africa and European subspecies, with the African component making up 50-90% of the genome. Africanized honeybees are considered undesirable for bee-keeping in most countries, due to their extreme defensiveness and poor honey production. The international trade in honeybees is restricted, due in part to bans on the importation of queens (and semen) from countries where Africanized honeybees are extant. Some desirable strains from the United States of America that have been bred for traits such as resistance to the mite Varroa destructor are unfortunately excluded from export to countries such as Australia due to the presence of Africanized honeybees in the USA. This study shows that a panel of 95 single nucleotide polymorphisms, chosen to differentiate between the African, Eastern European and Western European lineages, can detect Africanized honeybees with a high degree of confidence via ancestry assignment. Our panel therefore offers a valuable tool to mitigate the risks of spreading Africanized honeybees across the globe and may enable the resumption of queen and bee semen imports from the Americas.
Introduction
Pollination of crops by honeybees adds billions of dollars to the world economy (Gallai et al. 2009) , with 84% of crops dependent on or benefitting from insect pollinators (Williams 1994 ) and one-third of all food production partially or fully dependent on insect pollination (Klein et al. 2007) . It is therefore essential that threats to honeybees are identified and strategies that prevent losses to the bee-keeping industry are developed. The ability to identify and differentiate between undesirable and desirable honeybee genetic lineages is likely to aid breeding programmes throughout the world.
There are four (or perhaps five) major evolutionary lineages of the Western honeybee (Apis mellifera): A (African), M (West European), C (East European) and O (Middle Eastern) (Ruttner 1988; Garnery et al. 1992 Garnery et al. , 1993 Arias & Sheppard 1996; Franck et al. 2000; Palmer et al. 2000; Whitfield et al. 2006; Wallberg et al. 2014) and at least 24 named subspecies (Ruttner 1988) . Honeybees were introduced into the New World and Australasia by European settlers. In North, South and Central America, Australia and New Zealand, early introductions were mostly of A. m. mellifera and A. m. iberiensis (iberica) from the M lineage (Hopkins 1886; Seeley 1985; Cornuet 1986) . Throughout the 20th century, honeybees from the Eastern European (in particular A. m. ligustica and A. m. carnica) and Middle Eastern (in particular A. m. caucasica) lineages were repeatedly introduced to North America and Australasia, as these subspecies are favoured by commercial bee-keepers (Hopkins 1886; Ruttner 1975 Ruttner , 1988 Seeley 1985; Cornuet 1986 ). Experimental introductions were also made from Africa and the Middle East, leaving a genetic legacy in the honeybees of North America (e.g. Schiff & Sheppard 1993; Sheppard & Smith 2000) and likely in Australia (Goodacre 1935; Weatherhead 1986 ). However, commercial honeybees in Europe, North America and Australia are predominantly (in the order of 75-95%) of Eastern and Western European origin (Whitfield et al. 2006; Chapman et al. 2008; Oxley & Oldroyd 2009; Harpur et al. 2012; Pinto et al. 2014; Wallberg et al. 2014) .
In 1956, A. m. scutellata of the African lineage was introduced into Brazil from South Africa and Tanzania. It was hoped that this subspecies, adapted to subtropical and tropical savannah, would perform better in São Paulo state than the existing introduced honeybees that had evolved in Europe (Kerr 1967) . Famously, queens and drones escaped from the breeding programme and hybridized with the existing population (Winston 1992b) . These hybrid 'Africanized' honeybees have since spread as far south as Argentina and north into the south-western states of the USA (Winston 1992a,b) , and their range continues to expand (Schneider et al. 2004; Harrison et al. 2006; Jarnevich et al. 2014) . Africanized honeybees are largely of African ancestry in South America (70-90%) and the USA (50-75%) (Whitfield et al. 2006; Wallberg et al. 2014) .
Africanized honeybees abscond more frequently than European subspecies (Winston 1992a) , have a propensity for pollen rather than nectar collection (Danka et al. 1987; Winston 1992a; Fewell & Bertram 2002) and are regarded as poor honey producers (Rinderer et al. 1984 (Rinderer et al. , 1985 (Rinderer et al. , 1986 Pesante et al. 1992 ; Guzm an-Novoa & Uribe-Rubio 2004) although this is not always the case (Spivak et al. 1989; Pereira & Chaud-Netto 2005; Z arate et al. 2008; Livanis & Moss 2010) . These factors, but particularly their heightened defensiveness (Collins et al. 1982; Breed et al. 2004) , make them unpopular for commercial bee-keeping (Winston 1992a,b; Rinderer et al. 1993b; Schneider et al. 2004) . Commercial bee-keeping relies on high densities of colonies and regular migration of colonies over long distances on public highways to take advantage of ephemeral honey flows and crops that require pollination. Neither migration nor high colony densities are compatible with extreme aggression. For these reasons, a number of countries, notably Canada and Australia, have limitations on honeybee imports due to concerns over Africanized honeybees.
Morphometric measurements can appropriately separate highly Africanized honeybees from non-Africanized honeybees (Daly & Balling 1978; Rinderer et al. 1986 Rinderer et al. , 1990 Rinderer et al. , 1993a Francoy et al. 2006 Francoy et al. , 2008 Francoy et al. , 2009 ). Morphometric measures are unable, however, to detect low to medium levels of Africanization, with 43% of hybrid samples being misidentified as European (Guzm an-Novoa et al. 1994) . Moreover, morphometric measurements cannot be conducted on honeybee semen, which is commonly seen as a low-risk alternative to importing live honeybees that may carry Varroa and other parasitic mites. Mitochondrial DNA sequencing is also seen as an unreliable test for Africanization. Mitochondria are maternally inherited without recombination (White et al. 2008) , and so the offspring of a European queen mated to Africanized drones will be falsely classified as European using mitochondrial DNA sequencing (Sheppard & Smith 2000; Meixner et al. 2013 ), as will each subsequent generation arising from that mating.
Currently, there is no reliable low-cost genetic test for detecting Africanized honeybees available. However, Whitfield et al. (2006) were able to clearly distinguish between Africanized honeybees and managed European-derived honeybees using 1136 SNPs (single nucleotide polymorphisms), suggesting that it should be possible to develop a low-cost SNP test suitable for use by industry and biosecurity officials. Such tests have been successfully developed to differentiate breeds of swine (Ramos et al. 2011; Wilkinson et al. 2012) , cattle (Negrini et al. 2009; Dimauro et al. 2013; Gurgul et al. 2013; Mancini et al. 2014) , sheep (Heaton et al. 2014 ) and salmon (Freamo et al. 2011) and to track introgression of domesticated breeds into wild boar (Goedbloed et al. 2013 ) and wild salmon (Karlson et al. 2011) populations. The recent explosion of honeybee SNP studies (Whitfield et al. 2006; Zayed & Whitfield 2008; Dixon et al. 2012; Harpur et al. 2012 Harpur et al. , 2014 Shorter et al. 2012; Spotter et al. 2012; Ch avez-Galarza et al. 2013; Pinto et al. 2014; Wallberg et al. 2014) means that millions of honeybee SNPs are now available (Harpur et al. 2014; Wallberg et al. 2014 ) that are potentially effective in separating honeybee lineages (Whitfield et al. 2006; Harpur et al. 2014; Wallberg et al. 2014) . These SNPs provide the opportunity to develop a simple SNP-based test for detecting the proportion of African ancestry in any individual honeybees.
Here, we present a panel of just 95 SNPs that were found to be under selection in Africanized populations (Whitfield et al. 2006) or with high pairwise population F ST between three ancestral lineages (Harpur et al. 2014) . Differences in the proportion of African ancestry between these groups thus enable differentiation of African and Africanized honeybees from European-derived honeybees. There are a number of subspecies in Africa, and while we use 'African' ancestry to delineate Africanized honeybees from European honeybees, our current test cannot differentiate between the African subspecies. Given the high rates of 'African' alleles in Africanized populations compared to other populations (50-90% vs 5-25%; Whitfield et al. 2006; Harpur et al. 2012; Wallberg et al. 2014) , we use the proportion of African ancestry as a proxy for Africanization. First, we demonstrate that using 95 SNPs, we can effectively differentiate reference samples of subspecies from Africa (A. m. scutellata) and Europe (A. m. ligustica, A. m. carnica, A. m. mellifera and A. m. iberiensis). We then use the SNP panel to estimate the proportion of African ancestry in honeybees from Australian commercial and feral populations, North American commercial and Varroa-resistant lines and Africanized honeybees from Brazil and North America. By genotyping both Africanized honeybees and commercial stocks, we determined the effectiveness of our panel at classifying samples as 'Africanized'. Ultimately, we generate a panel that can act as a reliable test of Africanized honeybees from the Americas that has the potential to allow the resumption of international trade in honeybees and honeybee semen into Australia and elsewhere. The panel may also be a costeffective and efficient means of utilizing SNPs for identifying ancestry of populations, for example on Pacific Islands where the ancestry of introduced populations is not always known.
Methods

Population sampling
Reference samples. Our reference samples came from three of the five major evolutionary lineages. The Eastern European lineage (C) was represented by A. m. ligustica (n = 77) and A. m. carnica (n = 9). The Western European lineage (M) was represented by A. m. iberiensis (n = 4) and A. m. mellifera (n = 9). The African (A) lineage was represented by A. m. scutellata (n = 128) (Appendix S1, Supporting information; Rinderer et al. 1993a; Oldroyd et al. 2011; Harpur et al. 2012 Harpur et al. , 2014 . The Harpur et al. samples were collected in 2012 and assigned on the basis of present-day distributions and by the experts who collected them in the field and confirmed genetically (Harpur et al. 2012) . The other European samples were collected between 1989 and 1993 as part of Rinderer et al.'s (1993a) work on morphometric identification of honeybee subspecies. The other A. m. scutellata samples were collected from South Africa and Botswana between 1984 and 2013 (Appendix S1, Supporting information; Rinderer et al. 1993a; Oldroyd et al. 2011 Oldroyd et al. , 2014 .
Test samples. European-derived populations were represented by commercial (n = 104) and feral (n = 102) populations from Australia (Chapman et al. 2008; Hinson et al. in press) and commercial populations from Canada (n = 10) and the USA (n = 63) and by three Varroa-resistant strains from the USA collected in 2013 (n = 58) (Appendix S1, Supporting information).
Africanized populations were represented by samples from Brazil (n = 55) sampled in 1993 (Rinderer et al. 1993a; Clarke et al. 2001) and an unmanaged Africanized USA population from Texas (n = 86) in 2013 (Appendix S1, Supporting information).
Finally, we included test samples from the parasitic A. m. capensis clonal lineage (n = 3), A. m. capensis (n = 104) and scutellata-capensis hybrids (n = 17) (Appendix S1, Supporting information; Oldroyd et al. 2011 Oldroyd et al. , 2014 as these honeybees are closely related to A. m. scutellata and are also highly undesirable in commercial beekeeping due to the ability of workers to parasitize and overrun colonies by producing clones of themselves (Beekman et al. 2008) . Subspecies within Africa were assigned on the basis of where the sample had been collected in relation to the predefined subspecies and hybrid zones (Ruttner 1988; Hepburn & Crewe 1990; Dietemann et al. 2007; Beekman et al. 2008; Goudie & Oldroyd 2014) .
SNP panel selection and genotyping Harpur et al. (2014) sequenced over 40 whole genomes of honeybees from Africa, Europe and the Middle East. More than 20 000 SNPs identified in this study were found to have high pairwise F ST (Weir & Cockerham 1984) between populations (African, Eastern European and Western European). The effectiveness of selecting genetic markers for population differentiation based on pairwise F ST values is well established (e.g. Reed 1973; Chakraborty et al. 1992; Stephens et al. 1994; Karlson et al. 2011) . While other methods are available, they are highly correlated with F ST (Wilkinson et al. 2011) . We randomly chose 1046 SNPs with high pairwise F ST between populations from this list with the condition that SNPs be greater than 5000 bp apart (Harpur et al. 2014) . To this list, we added 19 SNPs from a previous study that were hypothesized to be under selection in populations experiencing Africanization and are therefore likely to be important in this population and assist in identification of Africanized honeybees (table S3 in Whitfield et al. 2006) . From this combined set of 1065 SNPs, we determined which could be multiplexed in an inexpensive SNP genotyping platform using the Sequenom ASSAY DESIGN SUITE (v1.0 Sequenom, CA, USA), which picks SNPs so as to optimize multiplex conditions, for example by avoiding hairpin and dimer formation. With user-assigned priority given to the SNPs from Whitfield et al. (2006) , the software chose 144 SNPs for amplification in four multiplexes.
High molecular weight DNA was extracted from the tergite (with internal material removed) of one individual per sampled colony with phenol-chloroform-isoamyl alcohol (25:24:1) (Sambrook et al. 1989) . Individuals were either haploid males or diploid females. Individuals were genotyped at 144 SNPs using the Sequenom MassARRAY MALDI-TOF system (Sequenom, CA, USA). Genotype calling was performed automatically by Sequenom MASSARRAY TYPER software (Sequenom, CA, USA) using 'moderate parameters' (i.e. allele calls with 'conservative' and 'moderate' descriptions included, 'aggressive' calls excluded) (Sequenom 2006) . Reference samples taken from Harpur et al. (2014) were not regenotyped.
Population genetics analyses
We used GENEPOP v4.2 (Raymond & Rousset 1995) to determine the level of genetic differentiation (F ST ) between populations. An unrooted UPGMA tree was constructed from the F ST matrix using NEIGHBOR in PHYLIP (Felsenstein 1989) . Markers were included for analysis if they were successfully typed in more than two-thirds of individuals and individuals were included if they were typed at more than two-thirds of markers. Only markers with minor allele frequencies >5% across all samples were used (Dimauro et al. 2013; Goedbloed et al. 2013; Mancini et al. 2014) . This left us with 95 SNPs with minor allele frequencies ranging between 0.08 and 0.496 (Appendix S2, Supporting information). The closest analysed SNPs were 45 945 bp apart and the average was 1 734 863 bp. The honeybee has a very high recombination rate (19 cM per megabase; Beye et al. 2006 ) and the average distance at which linkage decays is 500 bp (Wallberg et al. 2014) . Therefore, it is highly unlikely that any possible pair of SNPs used in this analysis is linked.
We evaluated the population structure of our samples in STRUCTURE (v2.3.4, Pritchard et al. 2000) . Haploid male data were coded as missing data at one allele for each marker as per the manual (Pritchard et al. 2010) . We used a burn-in phase of 50 000 iterations with individuals from the three reference populations (Eastern European (C), Western European (M) and African (A)). We did not identify from which lineage our reference individuals arose. Ancestry of individuals from the test populations was assigned according to an admixture model with uncorrelated allele frequencies in 100 000 Markov chain Monte Carlo iterations based on SNP frequencies in the reference populations. No a priori information was provided regarding population identity or location in our test populations. Allele frequencies were calculated based only on the reference populations (Appendix S2, Supporting information). We performed 5 replicates for each of k = 1-6 populations. We inferred the optimal k using both LnP(D) from STRUCTURE (Pritchard et al. 2000) and DK (Evanno et al. 2005 ) (Appendix S3, Supporting information).
Accuracy of SNP panel
We determined the functionality of the SNP panel by considering how many individuals from the test samples would be correctly excluded or included at different thresholds of African ancestry (% of SNPs present in our A. m. scutellata reference population) in increments of 5% (10-30%) for each population. For each threshold (10%, 15%, 20%, 25%, 30%) of the proportion of African ancestry that was declared acceptable, we counted the number of misclassified individuals. To determine the overall false-negative rate (Africanized individuals declared to be non-Africanized), we counted the number of misclassified Africanized and African (A. m. capensis, clone and scutellata-capensis hybrid) individuals from the test population and divided it by the total number of African and Africanized individuals in the test population. To determine the overall false-positive rate (European-derived individuals from the test population declared Africanized), we counted the number of misclassified European-derived honeybees and divided it by the total number of European-derived individuals in the test population.
Results
Our data set comprises individuals genotyped at 95 SNPs for three reference populations and 10 test populations, with 829 individuals tested in total. Our three reference populations were well separated; the pairwise F ST between our African (A; A. m. scutellata) and Eastern European (C; A. m. ligustica and A. m. carnica) was 0.855, while that between African and Western European (M; A. m. mellifera and A. m. iberiensis) was 0.859 ( Fig. 1 ; Table 1 ). The two European reference populations were similarly well separated (F ST = 0.867; Fig. 1 ; Table 1 ). There was little differentiation between the Africanized test populations from USA and Brazil (F ST = 0.058), between the three European-derived North American test populations (Canada commercial, commercial USA and Varroa-resistant USA; F ST = 0.020-0.023), the two Australian test populations (commercial and feral; F ST = 0.032) or the South African test populations of A. m. scutellata, A. m. capensis, scutellata-capensis hybrids or the clonal parasite (F ST = 0-0.050; Fig. 1 ; Table 1 ). The North American (Canada commercial, USA commercial and Varroaresistant) and Australian commercial test populations were very similar (F ST = 0.040-0.055), but the North American populations were quite distant to the Australian feral population (F ST = 0.115-0.139; Table 1) .
Analysis using STRUCTURE supported models with k = 3 ancestral populations (average ln[P(D)] = À48 709.9, posterior probability = 1; DK = 700.9; Fig. 2 ; Appendices S3 and S4, Supporting information). Where k = 3, the three reference populations corresponded to the three honeybee evolutionary lineages: African, Western European and Eastern European. Individuals from the Africa reference population had a minimum 94.1% alleles classified as 'African', individuals from the Eastern Europe reference population had a minimum 93.4% alleles classified as 'Eastern European', and individuals from the Western Europe reference population had a minimum 99.1% alleles classified as 'Western European'.
Individuals from the Africanized population in Brazil carried African alleles at 80.5% of markers on average, with 17.8% of alleles from Western Europe and 1.7% from Eastern Europe. The Africanized population in the USA carries fewer African alleles on average (62.5%) and more Western European (21.4%) and Eastern European (16.1%) alleles than did the Brazilian samples. There was one outlier Africanized individual from the USA that carried a low proportion of African alleles (19.6%). All the European-derived populations in Canada, Australia and the USA carried a small proportion of alleles present in our African reference population (3.4-4.9% on average) with a greater range among individuals (0.3-32.8%; Fig. 2 ). On average, European-derived populations from North America have more Eastern European ancestry (Varroa-resistant 78.1%; USA commercial 81.1%; Canada 85.4%) than those from Australia (commercial 69.5%; feral 57.5%). Some Australian individuals from both the commercial and feral populations had a high proportion of Western European alleles (up to 92.0%; Fig. 2) .
We investigated the number of individuals that would be misclassified if individuals from test samples carrying more than X% African alleles were declared African or Africanized, for values of X between 10 and 30% in 5% increments ( Fig. 3 ; Appendix S5, Supporting information). The threshold that minimizes the number of false positives (European and European-derived individuals being declared Africanized) while preventing any false negatives (African or Africanized individuals being declared non-Africanized) occurs when individuals carrying more than 15% African alleles are rejected. At this threshold none of the 124 African (A. m. capensis, scutellata-capensis hybrids or clones) or 141 Africanized individuals (from USA and Brazil) were declared nonAfricanized and the false-positive rate is 4.7%, with 16 of 337 European-derived test samples declared Africanized ( Fig. 3 ; Appendix S5, Supporting information).
As a check to determine whether our panel represented the most informative design, we calculated the information content (l_n; Rosenberg et al. 2003) of the markers we selected. We compared the information content of our panel (mean l_n = 0.55 AE 0.09 SD) to the average information content of 10 000 possible panels designed from all other SNPs with high pairwise F ST values (l_n = 0.496 AE 0.008). We found that although there are certainly more informative individual markers available, the set we have chosen is more informative that provides 99.9% of the possible random combinations of high Fst SNPs (permutation test n = 10 000, P < 0.001; Appendix S6, Supporting information).
Discussion
Current methods of identifying Africanized individuals, such as morphometric analysis and mitochondrial haplotyping, are arguably ineffective and potentially unreliable (Guzm an-Novoa et al. 1994; Meixner et al. 2013) . In contrast, SNP genotyping provides a means to overcome some of the pitfalls of more traditional methods and can be automated (Meixner et al. 2013) . Here, we demonstrate that using only 95 SNPs (Appendix S2, Supporting information), we were able to effectively differentiate populations from Africa, Eastern and Western Europe and use this to accurately differentiate individuals with levels of African ancestry (African or Africanized) from non-Africanized populations with high repeatability. Where a threshold of 15% African ancestry is used to reject individuals for importation, all African (124) and Africanized (141) individuals from the test population were correctly identified and rejected, while there was an overall false-positive rate of 4.7% for European-derived New World populations (16 of 337 rejected). This degree of confidence should be sufficient for quarantine purposes, especially given that Africanized populations generally carry 50-90% 'African' alleles (Whitfield et al. 2006; Wallberg et al. 2014) .
The Africanized populations from the Americas conformed to our expectations; individuals from Brazil have little ancestry from the Eastern European lineage, whereas Africanized honeybees from the USA still have some Eastern European ancestry. Over time European alleles are lost due to Africanization, in particular those from the Eastern lineage (Clarke et al. 2001 (Clarke et al. , 2002 Schneider et al. 2004; Whitfield et al. 2006) . It is likely that Africanized honeybees from the USA will become even easier to differentiate from the commercial population as the process of Africanization continues.
Honeybees from the commercial populations of Canada, the USA and Australia have between 0.3 and 32.8% African alleles on per individual basis with this test, similar to that found in previous tests completed with more SNPs (Whitfield et al. 2006; Wallberg et al. 2014 ). In contrast, Africanized populations from USA (19.2-80.4%) and Brazil (65.3-95.8%) carried significantly more African alleles. There is no evidence that A. m. scutellata was ever deliberately introduced into Australia, Canada or the USA. However, there is good evidence of early importations of honeybees from North Africa into both the US and Australia (Seeley 1985; Cornuet 1986; Weatherhead 1986) . We suggest that these imports explain the presence of 'African' alleles, as assigned by STRUCTURE from our reference populations, in the feral and commercial populations of these countries. The result is that a small fraction of non-Africanized individuals from Australia, Canada and the USA might not meet our criteria of <15% African ancestry as our reference populations have defined it.
In conclusion, our SNP panel (Appendix S2, Supporting information) and reference data (Appendix S7, Supporting information) make it possible to detect the degree of African ancestry in honeybees and therefore to exclude undesirable Africanized individuals from breeding programmes with high reliability. This is a major advance as currently a number of countries have restrictions on honeybee importations due to concerns over Africanization. The current restrictions limit the ability of countries such as Australia to import improved genetic stock, such as lines that are resistant to Varroa. The panel will also exclude A. m. capensis and all African honeybees from importation and will be useful for identifying African and Africanized honeybees intercepted on shipping and aircraft by biosecurity officials. We hope our panel will provide a new, reliable diagnostic for border control that will enable countries to screen imported bees for Africanization. and Innovation's Early Researcher Award (AZ). We thank Robert Cox and Amanda Frake (USDA) for collections of USA Africanized, Varroa-resistant and commercial USA samples, many Australian bee-keepers for contributing the Australian samples and Australian Department of Agriculture for samples that were imported to Australia from Canada. We thank the team at Australian Cancer Research Fund at the Garvan Institute for use of their facilities. Fig. 3 The percentage of individuals misclassified in each population (bars) and the overall false-positive (European-derived individuals from the test population declared Africanized) and false-negative (Africanized and African individuals from the test population declared nonAfricanized) rates (lines) when individuals carrying greater than X% African alleles are declared Africanized for X between 10 and 30% in increments of 5%. Some populations had no misclassified individuals and are thus not represented. 
